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The complete characterization of spatial coherence is difficult because the mutual coherence func-
tion is a complex-valued function of four independent variables. This difficulty limits the ability of
controlling and optimizing spatial coherence in a broad range of key applications. Here we propose
a method for measuring the complex-valued mutual coherence function, which does not require any
prior knowledge and can be scaled to measure arbitrary coherence properties for any wavelength.
We apply our method to retrieve a phase object illuminated by a partially coherent beam. This ap-
plication is particularly useful for diffractive imaging of nanoscale structures in the X-ray or electron
regime, where the illumination sources lack of spatial coherence.
Spatial coherence is among the fundamental properties
of light. It describes the statistical correlation between
fields at different positions. However, the measurement
of spatial coherence is remarkably challenging, which lim-
its the control and the optimization of spatial coherence
in a broad range of key applications such as beam shap-
ing using spatial coherence as an extra degree of free-
dom [1], optical communication through a turbulent at-
mosphere [2], illumination for advanced imaging systems
(e.g. optical lithography) [3] and superresolution imaging
[4]. The spatial coherence of a beam is described by the
complexed-valued 4-dimensional mutual coherence func-
tion (MCF). The process of measuring the MCF is ex-
tremely time consuming, especially for methods measur-
ing the intensity-intensity correlation [1, 5] or interference
[6] at all pairs of points. Other interference based meth-
ods measure the fringe visibility in a single direction [7–9]
or multiple directions [10, 11]. Spatial coherence can al-
ternatively be determined using the so-called phase space
methods [12–15]. However, all of the reported methods
either assume the MCF to be shift-invariant [7–11] or lack
the ability to reveal both the amplitude and the phase
of the MCF [1, 5, 10–15]. Moreover, a preferred method
should not rely on any prior knowledge, for example an
analytical model [16], so that arbitrary coherence prop-
erties can be measured.
Diffractive imaging is an essential application of spa-
tial coherence, which aims to reconstruct the nanoscale
structures of an object from its diffracted far field inten-
sity. At short wavelengths, e.g. in the X-ray and electron
regime, the illumination sources lack spatial coherence.
This severely degrades the result of imaging. Experimen-
tally, almost completely coherent bream can be obtained
by using coherence filtering which requires a small aper-
ture and a long propagation distance in vacuum. In order
to utilize the partially coherent beam for illumination,
the widely used iterative algorithms have been modified
to take into account the MCF instead of the electromag-
netic field. However, this modification is restricted by
the accuracy of the approximation used to propagate the
MCF, which either assumes a shift-invariant MCF and
describes the recorded intensity as a convolution [17, 18]
or is based on mode decomposition of the MCF [19, 20].
To our knowledge, none of the non-iterative algorithms,
e.g. [21, 22], has been adapted to utilize partially coher-
ent beam, despite the obvious advantages of instant and
unambiguous reconstruction of the object.
In this paper, we present a method for measuring the
complete MCF of an arbitrary partially cohernet light
beam. We let this beam propagate through a window
with finite size and we measure the diffracted far field
intensities. By introducing a perturbation at a partic-
ular point, we can retrieve a 2-dimensional slice of the
4-dimensional MCF linked to the location of the pertur-
bation point. Hence the complete MCF can be obtained
by a 2-dimensional scanning procedure.
Our method can be turned into a diffractive imaging
method by superposing the window with a transmissive
object. In this case we retrieve the slice of the MCF
in the plane right behind the object. The use of par-
tially coherent illumination leads to a modulation effect
of the object. After having calibrated and compensated
for this modulation, we can then retrieve the object alone.
Here we investigate the performance of our method using
beams with various types of correlation sturand degrees
of coherence via a proof-of-principle experiment at visi-
ble wavelength. Our method uses a lensless configuration
and is therefore wavelength independent.
The experimental setup is illustrated in Fig. 1. The
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2MCF at the rotating diffuser plane is given by
JS(r1, r2) = δ(r1, r2)S(r1)S(r2)
∗, (1)
where r denotes the coordinate in this plane the subscript
of r distinguishes two points. JS(r1, r2) represents a
collection of independent point sources. This incoherent
source generates a partially cohernet beam and the MCF
in the object plane is
J(ρ1,ρ2) =
∫∫∫∫
JS(r1, r2) · · ·
× exp [−i2pi(ρ1r1 − ρ2r2)] d2r1d2r2, (2)
where ρ denotes the object plane coordinate. Eq. (2)
indicates that the MCF of the partially coherent beam
generated in this way is essentially complex-valued.
The intensity distribution of the incoherent source (the
focal spot) |S(r)| determines the properties of the par-
tially coherent beam. In the experiment, we can obtain
two different focal spot intensity distributions and gener-
ate two differently correlated beams: the Gaussian corre-
lated beam and the Gaussian-Airy correlated beam. The
difference is that the coherent laser beam is truncated by
the focusing lens in the later case but not in the former
case. To vary the degree of coherence, we change the
size of the focal spot by translating back and forth the
focusing lens while keeping the type of correlation.
Let the generated partially coherent beam propagate
through a phase object. We create this object by pro-
gramming a square of 240 × 240 pixels on the phase-
only spatial light modulator (SLM). The object is binary,
whose value can only be 0.1pi or 0.9pi, in the shape of a
panda. The MCF of the partially coherent field right
behind the object is
J ′(ρ1,ρ2) = J(ρ1,ρ2)O(ρ1)O(ρ2)
∗. (3)
The field at the object plane is related to the field at the
detector plane by Fourier transform (FT). This could be
achieved through a Fresnel or a Fraunhofer propagation
in free space, e.g. in the X-ray and electron regime, or by
using a FT lens as we did for visible wavelengths. The
diffracted far field intensity of the partially coherent field
in the object plane can be expressed by:
I0(r
′) =
∫∫∫∫
J ′(ρ1,ρ2) · · ·
× exp [−i2pir′(ρ1 − ρ2)] d2ρ1d2ρ2, (4)
where r′ denotes the detector plane coordinate. Here we
assume that the object has been truncated by the win-
dow. Using a constant object is thus equivalent to ap-
plying a window to the incident partially coherent beam.
We introduce a perturbation γδ(ρ − ρ0) at point ρ =
ρ0, where γ is a complex-valued constant. The intensity
FIG. 1. Experimental setup. The light scattered by the ro-
tating diffuser can be regarded as emitted by a collection of
independent point sources, which generates the partially co-
herent beam for illumination. The field at the detector plane
is the Fourier transform of the field transmitted by the object.
distribution can then be written as:
I(r) = I0(r) + |γ|2J(ρ0,ρ0)
+
∫∫
J(ρ1,ρ0)O(ρ1)[γO(ρ0)]
∗ · · ·
× exp [−i2pir(ρ1 − ρ0)] d2ρ1
+
∫∫
J(ρ0,ρ2)[γO(ρ0)]O(ρ2)
∗ · · ·
× exp [−i2pir(ρ0 − ρ2)] d2ρ2
. (5)
Ideally, the perturbation should be only at a point, so
that it can be approximated by a delta function. In the
experiment, the perturbed region is a square of 20 × 20
pixels. When the perturbation point is located inside the
object, we need to assign a complex-valued constant to
the values of pixels in the perturbed region. When the
perturbation point is located outside the object, we only
need to switch the state of the pixels in the perturbed
region on and off.
The inverse FT of this intensity distribution yields:
I˜(r′)(ρ) = I˜0(r′)(ρ) + |γ|2J(ρ0,ρ0)δ(ρ)
+ J(ρ0 + ρ,ρ0)O(ρ0 + ρ)[γO(ρ0)]
∗
+ J(ρ0,ρ0 − ρ)[γO(ρ0)]O(ρ0 − ρ)∗
, (6)
where ·˜ denotes the operation of inverse FT. We can ob-
serve two cross terms occurring in Eq. (6): one is pro-
portional to the object O(ρ), referred to as the “recon-
structed object”, and the other is proportional to the
complex conjugated of the object rotated by 180 degrees
O(−ρ)∗, referred to as the “twin image”.
We need to separate and retrieve both two cross terms.
In Eq. (6), the quadratic term I˜0(r)(ρ) is the inverse FT
of the intensity distribution without perturbation and is
centered at the origin. The two cross terms are located
symmetrically on opposite sides of the origin. In our
method, the location of perturbation point can be cho-
sen freely in the object plane. This freedom of choice
influences the amount of overlap between the quadratic
term and the two cross terms. Depending on the over-
lapping, three different situations occur, which differ in
the number of required measurement and the treatments
3FIG. 2. Experiment results of different overlaps between the
two cross terms and the quadratic term using Gaussian corre-
lated illumination. (a1,2): The single measurement case us-
ing 6 perturbation points. (b1,2): The double measurement
case using 2 perturbation points. (c1,2): The triple measure-
ment case using only 1 perturbation point. The dashed square
shows the finite size of the window and the dots show the lo-
cations of perturbation points. The red and blue panda are
the ”reconstructed object” and the ”twin image” respectively.
for computationally retrieving the two cross terms. We
illustrate different overlap situations in Fig. 2 using a
Gaussian correlated beam for illumination.
When the two cross terms do not overlap with the
quadratic term as shown Fig. 2(a), our method requires
only one measurement. Perturbation points at different
locations can be introduced at the same time, provided
that the generated pairs of cross terms do not overlap
with each other. In this case, we introduce six perturba-
tion points which generate six pairs of cross terms filling
the area surrounding the quadratic term.
When the two cross terms overlap with the quadratic
term but not with each other as shown in Fig. 2.(b), our
method requires two measurements. The extra measure-
ment is the intensity distribution without perturbation
I0(r). It will be used to eliminate the quadratic term. In
this case we introduce two perturbation points at the two
left corner of the object. The two pairs of cross terms are
generated which occupy the area of the quadratic term.
When the two cross terms overlap with the quadratic
term and with each other as shown in Fig. 2.(c), our
method requires three measurements. Each measurement
corresponding to a different values of γ at the same per-
turbation point. Note that the intensity measurement
without perturbation correspond to the case of γ = 0.
We first eliminate the quadratic term using I0(r), then
solve for both two cross terms using the two remaining
linear equations. In this case, only one perturbation per-
turbation point can be introduced.
The ”reconstructed object” is actually the product
of O(ρ) and a 2-dimensional slice of the 4-dimensional
MCF J(ρ,ρ0), which describes the correlation between
the field in the object plane and the field at the location
of perturbation point ρ = ρ0. To measure the complete
MCF, we need to perform a 2-dimensional scanning of
ρ0 in the object plane.
As can be seen in Eq. (6), the product J(ρ,ρ0)O(ρ)
has been shifted by −ρ0. Thus it occurs at different
positions according to the location of the perturbation
point. In Fig. 2 we use a Gaussian correlated beam whose
MCF is shift-invariant. Because the maximum of all slice
of this MCF will always stay at the origin, the amplitude
of the ”reconstructed object” is modulated by different
part of the same Gaussian distribution J(ρ) as we vary
the location of the perturbation point, while the phase
is not modulated. Fig. 2 shows that the amplitude is
modulated by a stronger part of J(ρ) for smaller ρ0 and
by a weaker part of J(ρ) for larger ρ0.
We compare the experiment results of double mea-
surement case using Gaussian correlated beam with two
different degree of coherence Fig. 3. Two perturbation
points are introduced at the two left corners of the ob-
ject. In Fig. 3(c,d), the two ”reconstructed objects” and
the two ”twin images” are located in the right and left
half, and are represented by the red and blue panda re-
spectively. We fit the profile of the amplitude to the
Gaussian distribution to find its waist σ. The result sug-
gests that the modulation of this amplitude indeed obeys
the Gaussian distribution. We observe that the degree of
coherence determines the waist as well as the blurry of
the intensity measurement in Fig. 3(a,b).
Fig. 3 shows that random fluctuation does not destroy
the phase correlation of a partially coherent field. The
FIG. 3. Experiment results using Gaussian correlated illumi-
nation for different degrees of coherence. (a,b): The intensity
measurements of the diffracted far field. The inserted plots
are detailed views of the region of interest in the intensity
measurements. (c,d): The amplitude (1) and the phase (2) of
the MCF of a Gaussian correlated beam transmitted through
a phase object. L denotes twice the size of the object and σ
denotes the waist of the Gaussian distribution used to fit the
amplitude profile.
4FIG. 4. Experiment results using Gaussian-Airy correlated
beam for different degrees of coherence. (a1,3 and b1,3): The
amplitude and the phase of the MCF of a partially coherent
beam transmitted through an object. (a2,4 and b2,4): The
amplitude and phase of the MCF of illumination beam. (c and
d): The results of diffractive imaging after the modulation has
been compensated for.
resolution of the phase is independent of the degree of
coherence. However, whether we can retrieve the phase
depends on whether the modulated amplitude can over-
come the noise. For diffractive imaging, this mechanism
determines the field-of-view. The center of the field-of-
view will always be at the origin where the amplitude
correlation is the maximum. Fixing the noise level in the
measurement, the field-of-view is larger for higher coher-
ence and smaller for lower coherence.
We have demonstrated that we can retrieve a slice
of the MCF of a partially coherent beam transmitted
through a phase object. The information of the object is
contained in both cross terms. The use of partially coher-
ent beam leads to a modulation effect. In Fig. 3.(c2,d2),
the phase is not modulated due to the use of a simple
Gaussian correlated beam. However, using more compli-
cated beams, e.g. the Gaussian-Airy correlated beam,
the modulation of phase becomes visible as shown in
Fig. 4.(a3,b3). Therefore, to obtain the object alone, we
need to calibrate and compensate for this modulation.
The calibration of modulation requires the perturba-
tion points to be located at exactly the same positions
in the presence of the object. We plot the amplitude
and the phase of the slice of MCF of the incident par-
tially coherent beam in Fig. 4.(a2,b2) and Fig. 4.(a4,b4)
respectively. The amplitude exhibits an Airy pattern,
while its phase jumps between 0 and pi at the locations
where this Airy pattern reaches zero, which means that
the correlation of two fields changes its sign. To compen-
sate for the modulation, we divide the retrieved slice of
MCF in the presence of the object by the calibrated slice
of MCF. We demonstrate the diffractive imaging results
in Figure. 4.(c.d) for two degrees of coherence. We found
that provided sufficient signal to noise ratio, the results
can be independent of the properties of the incident par-
tially coherent beam.
To conclude, we propose and experimentally demon-
strate an accurate yet robust method for measuring the
complete complex-valued MCF as well as for diffractive
imaging using a partially coherent beam for illumination.
The resolution of the retrieved MCF is determined by the
size of the perturbed region, while the field-of-view is de-
termined by the coherence properties and the noise in the
measurements. In the case of complete coherent illumi-
nation, our method is identical to three well-established
holographic methods [21, 23, 24] in each of the three sit-
uations, and hence shares identical limitations of the res-
olution and the field-of-view. Our method provides an
alternative for rigorously studying the spatial coherence
effect. It also opens the opportunities for developing new
algorithms to make the imaging at x-ray and electron
regime faster and simpler.
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